Fluorite is widely employed as fluxing agent in metallurgy flux, which inevitably leads to serious fluorine pollution. In this work, B2O3 is used as fluxing agent of CaO-based refining flux to substitute for CaF2 so as to decrease the melting temperature and to improve the speed of slag forming and the refining efficiency. The effects of B2O3 on the melting temperature, viscosity and desulfurization capacity of CaObased refining flux were investigated. The results indicate that the fluxing action of B2O3 is better than that of CaF2 and Al2O3. For the high basicity CaO-based refining flux (mass ratio of CaO/SiO2 is 5.0-8.75), when CaF2 is substituted with B2O3, the melting temperature can be decreased remarkably. Especially, when the mass ratios of CaO/Al2O3 and CaO/SiO2 are in range of 1.1-4.0 and 5.25-8.0, respectively, the flux melting temperature is lower than 1 300°C. At the same time, the temperature range, in which the flux viscosity is low, is expanded as well as the stability of flux viscosity varying with temperature is improved obviously. These variations of flux properties are favorable for refining process. The results of experiments on sulphur partition equilibrium between metal and flux indicate that the desulfurization capacity of flux can be improved markedly when CaF2 is substituted with equal mass of B2O3. When 4 mass% B2O3 is employed as fluxing agent and the mass ratio of CaO/Al2O3 is in the range of 1.5-7.0, the final sulfur content of metal can be controlled lower than 0.004%.
Introduction
Ladle furnace (LF) refining acting as one of the most important secondary refining processes has received considerable attentions owing to its multiple refining functions and many other advantages such as the high refining efficiency, low operation cost and simplified operation. 1) The main functions of LF refining process are further desulfurization, adjusting the composition and temperature, removing the non-metallic impurities, deoxidizing and alloying and so on. In LF refining process, the ladle flux plays very important roles. This is because that many refining functions of LF process, such as desulfurization and absorption of impurities in molten steel, are realized by means of the synthetic refining flux. 2, 3) The synthetic refining flux with good metallurgical properties requires not only the high capabilities of desulfurization, deoxidation and absorption of impurities, but also good fusibility including a lower melting temperature and a suitable viscosity. 4, 5) At present, CaO-based refining flux is widely used. According to basicity, LF refining flux can be classified as two series, namely low basicity series and high basicity series. In general, the melting speed of low basicity flux is higher than that of high basicity flux. However, in terms of the capabilities of desulfurization, deoxidation and absorption of impurities, the high basicity flux has greater advantages than low basicity flux. As a result, in order to improve the refining effect, the basicity of refining flux needs to be controlled at high level, at the same time, the speed of flux melting should be improved by adding some effective fluxing agent. At present, CaF 2 is widely used as fluxing agent. However, CaF 2 is easy to decompose and react with acidic oxide to produce gaseous fluoride, causing the so called "fluorine pollution". 6, 7) In addition, the fluxing effect of CaF 2 is very limited, so the flux melting speed is very low, and then the refining efficiency is difficult to be improved further. To decrease the consumption of CaF 2 , Al 2 O 3 is used as fluxing agent to substitute for partial CaF 2 . Though the fluorine pollution is reduced or eliminated, the speed of flux melting is increased very little, this because the fluxing action of Al 2 O 3 is also very limited. More important, a mass of Al 2 O 3 in refining flux is sure to cause the capabilities of desulfurization, deoxidation and absorption of impurities decreased. So the content of Al 2 O 3 in refining flux should be controlled. 8, 9) As a conclusion, to improve the refining capacities of CaO-based flux, the basicity should be controlled at a high level, at the same time, the contents of fluxing agents such as CaF 2 and Al 2 O 3 should be decreased. So a more effective fluxing agent is in urgent need for CaO-based refining flux.
In the present work, B 2 O 3 is introduced as fluxing agent for CaO-based refining flux. The effects of B 2 O 3 on the melting temperature, viscosity and desulfurization capacity © 2011 ISIJ of flux are studied. The results of investigations may offer some useful references for the slag making in LF refining process.
Experiments

Experimental Method and Apparatus
All experimental fluxes were prepared with high-purity chemicals. First, the experimental fluxes were charged in a magnesia crucible, which was protected with a graphite crucible. Then the crucibles were placed and heated in an electric furnace under Ar atmosphere. The temperature of heating furnace was controlled by Pt-PtRd thermocouple. The accuracy of temperature control was about ±2°C. The fluxes were melted at 1 400°C for 30 min and stirred with a quartz rod. Finally, the molten fluxes were poured out, quenched in Ar, and then crushed and grounded into homogenized fine powder.
The flux melting temperature was measured using the Melting Temperature Measuring Apparatus (Type SJY-1700, Xiangtan Co., China). The fined flux powder, whose particle size was less than 0.074 mm, was pressed in a cylindrical sampling mode to obtain the test samples with a size of Φ2×3 mm. The sample temperature was directly measured by Pt-6%Rh/ Pt-30%Rh thermocouple, which was calibrated against the melting point of pure copper, nickel and iron. The accuracy of the temperature control was about ±1°C. The temperature at which the height of flux sample is reduced to one-half of its original height is defined as melting temperature. This method for defining melting temperature is the so-called hemisphere method. The heating rate was kept at 20°C per minute maximum up to the 800°C after which it is kept at 3 to 5°C per minute, as heating rate faster than this suppresses the action of charge and hence elevates the melting temperature.
The measurements of viscosity were conducted using a rotation viscometer (Type RTW-08, NEU, China). The experimental apparatus, measurement principle and the calibration method had been explained in detail in earlier literatures. [6] [7] [8] In each run, 120 gram specimen flux was charged into a graphite crucible with a size of Φ 40×90 mm. Then the graphite crucible was placed in a furnace, whose temperature was controlled by a Pt-10mass%Rh/Pt-13mass%Rh thermocouple and a proportional integral differential (PID) controller. The accuracy of temperature control was about ±1°C. The temperature of flux sample was directly measured with a Pt/Pt-Rd thermocouple, which was calibrated against the melting point of copper, nickel and iron. This thermocouple is protected by corundum tube. The temperature measurement accuracy was about ±2°C. After the flux was melted completely, the temperature was kept unchanged for about 20 minutes. Then the flux viscosity was continuously measured while the temperature of flux was controlled falling at the speed of 10°C/min.
Experiments on desulfurization were conducted in a MoSi2 electric resistance furnace under Ar atmosphere. The temperature of the furnace was controlled within ±2°C sensitivity by a PID controller connected to a Pt-6%Rh/ Pt-30%Rh thermocouple. In each experiment, 100 g of metal, whose initial composition was shown in Table 1 , and 10 g of premelted flux were charged into a corundum crucible, which was also protected with a graphite crucible, and then placed in the furnace. The specimens were melted at 1 600°C for 30 minutes. The metal was desulfurized by the flux. After desulfurization, the metal sample was taken with a quartz tube and quenched by flushing Ar. The initial and final compositions of the metal samples were analyzed using a spectrum analyzer (model GS-1000, OBLF Co., Germany). For each flux, the desulfurization experiments were carried out for three times to assure the reproducibility of the results on desulfurization. The meanvalue of the final sulfur content was determined and expressed as [S]final mass%.
Research Program
(1) Melting temperature of low basicity flux (
The original composition (mass fraction) of low basicity flux was CaO(50%)-MgO(8%)-SiO2(15%)-Al2O3(20%)-CaF2(7%), of which the CaF2 and Al2O3 were respectively substituted with equal mass of B2O3. The variations of melting temperature were investigated.
(2) Melting temperature of high basicity flux (R is 5-8.75)
The melting temperatures of two series of high basicity fluxes, whose compositions were (mass%) (CaO+Al2O3) (80%)-MgO(8%)-SiO2(8%)-CaF2(4%) and (CaO+Al2O3) (80%)-MgO(8%)-SiO2(8%)-B2O3(4%) respectively, were measured. The variations of melting temperature with the mass ratios of CaO/SiO2 and CaO/Al2O3 were studied.
(3) Viscosity of high basicity flux (R is 7.5) The viscosities of high basicity fluxes, whose compositions were (mass%) (CaO) (60%)-(Al2O3)(20%)-MgO(8%)-SiO2(8%)-CaF2(4%) and (CaO)(60%)-(Al2O3)(20%)-MgO (8%)-SiO2(8%)-B2O3(4%) respectively, were measured. The effect of B2O3 substituting for CaF2 on the flux viscosity was investigated.
(4) Desulfurization capacity of high basicity flux (R is 5-8.75)
The desulfurization capacity of two series of high basicity fluxes, whose compositions were (mass%) (CaO+Al2O3) (80%)-MgO(8%)-SiO2(8%)-CaF2(4%) and (CaO+Al2O3) (80%)-MgO(8%)-SiO2(8%)-B2O3 (4%) respectively, were compared. The initial sulfur content of metal specimens, [S]initial, is 0.020%.
Results and Discussion
Effect of B2O3 Substituting for CaF2 on Melting
Temperature Figure 1 shows the variations of flux melting temperature when CaF2 is substituted with B2O3. It is seen from Fig. 1 that the flux melting temperature can be near-linearly decreased remarkably when B2O3 is used to substitute for CaF2 of equal mass fraction. So, only considering from the aspect of fluxing effect, B2O3 can be absolutely employed as fluxing agent to substitute for CaF2, so as to eliminate the fluorine pollution and reduce the corrosion of ladle liner caused by the fluoride containing refining flux. 9)
Effect of B2O3 Substituting for Al2O3 on Melting
Temperature At present, Al2O3 is also employed as fluxing agent for CaO-based refining flux. But the flux melting temperature is comparatively high, as well as the melting speed of flux is difficult to improve further. 10) Figure 2 indicates the variations of flux melting temperature when B2O3 is adopted to substitute for Al2O3. As indicated in Fig. 2 , it can be seen that the flux melting temperature is signally decreased with the increase of B2O3 substituting for Al2O3. For example, when 5 mass% Al2O3 is substituted by B2O3, the melting temperature is decreased from 1 316°C to 1 181°C. Therefore, this work maybe provide possible methods of solving the problems that the melting temperature is high and the melting speed of flux is low. That is using some B2O3 to substitute for Al2O3 as fluxing agent to decrease the flux melting temperature, so as to realize rapid flux-forming and improve the refining efficiency. At the same time, the content as well as activity of Al2O3 in flux is decreased, so the capacity of flux absorbing impurities of Al2O3 in molten steel can be improved. 11) Figure 3 indicates the variations of melting temperature of high basicity calcium aluminate system flux with the mass ratio of CaO/Al2O3 under the conditions that B2O3 and CaF2 are respectively employed as fluxing agents, whose content is 4 mass%.
Effect of CaO/Al2O3 on Melting Temperature
As shown in Fig. 3 , when CaF2 is used as fluxing agent, and that the mass ratio of CaO/Al2O3 varies from 0.7 to 7.0, the flux melting temperature is entirely higher than 1 300°C. Moreover, when the mass ratio of CaO/Al2O3 is in the range of 0.9-1.2, most of CaO and Al2O3 can combine to 12CaO·7Al2O3 (C12A7), whose melting temperature (1 455°C) is lower than that of any other combinations of CaO and Al2O3, so the flux has the lowest melting temperature. This is one main reason that the mass ratio of CaO/Al2O3 is generally controlled at 1.1. 12) When the mass ratio of CaO/ Al2O3 is greater than 1.0, the fluxing effect of B2O3 is obviously better than that of CaF2. When B2O3 is used as fluxing agent, and that the mass ratio of CaO/Al2O3 varies from 0.7 to 2.0, the flux melting temperature is decreased with increase of mass ratio of CaO/Al2O3. Further more, when the mass ratio of CaO/Al2O3 exceeds 2.1, the flux melting temperature is increased with increase of mass ratio of CaO/ Al2O3. However, until the mass ratio of CaO/Al2O3 is increased up to 4.0, the flux melting temperature is still lower than 1 300°C.
The mechanisms for B2O3 decreasing the melting temperature of the flux are described as follows. First, the low melting temperature of B2O3, which is ~450°C, is favorable for the high melting temperature components such as CaO and Al2O3 fusing into flux, so the melting temperature of system is decreased. At the same time, B2O3 may combine with various oxides of flux to form eutectics such as MgO·B2O3 (melting temperature 988°C), CaO·B2O3 (melting temperature 1 100°C) and so on. 6) Because the melting temperatures of these eutectics are low, the forming of eutectics is also favorable for decreasing the melting temperature of flux. With regard to CaF2, it also can combine with CaO and Al2O3 to form low melting temperature eutectics such as CaO·CaF2 (melting temperature 1 360°C) and CaF2·Al2O3 (melting temperature 1 415°C), so the melting temperature of flux system is decreased. Because the melting temperatures of eutectics containing B2O3 are lower than that of eutectics containing CaF2, the effect of B2O3 on decreasing the melting temperature of flux is greater than that of CaF2.
In conclusion, the flux melting temperature can be decreased markedly by using B2O3 as fluxing agent to substitute for CaF2, and then the mass ratio of CaO/Al2O3 can be increased in a wider range so as to enhance the desulfurization and rephosphorization controlling capabilities of flux. 1, 11) In addition, due to the melting temperature is decreased, both the speed of slagforming and capability of flux to absorb the deoxidation products are expected to be promoted. That is to say the refining efficiency can be improved effectively. Figure 4 presents the variations of melting temperature of high basicity calcium aluminate system flux with the mass ratio of CaO/SiO2 under the conditions that B2O3 and CaF2 are respectively employed as fluxing agents, whose content is 4 mass%.
Effect of CaO/SiO2 on Melting Temperature
As indicated in Fig. 4 , on the conditions that CaF2 is employed as fluxing agent, and that the mass ratio of CaO/ SiO2 varies in the range of 4.0-8.75, the flux melting temperature is totally higher than 1 300°C. Moreover, when the mass ratio of CaO/SiO2 is lower than 5.0, the flux melting temperature is decreased obviously with the increase of the mass ratio of CaO/SiO2. The lowest melting temperature is 1 316°C. Whereas when the mass ratio of CaO/SiO2 exceeds 5.0, the flux melting temperature is increased gently with the increase of the mass ratio of CaO/SiO2. Until the mass ratio of CaO/SiO2 is increased up to 7.5, the flux melting temperature is still lower than 1 320°C. However, if the mass ratio of CaO/SiO2 is increased continuously, the flux melting temperature would be increased markedly. When B2O3 is used as fluxing agent, and the mass ratio of CaO/SiO2 is in the range of 5.25-8.0, the flux melting temperature is lower than 1 300°C. Especially, when the mass ratio of CaO/ SiO2 is in the range of 5.75-7.75, the flux melting temperature is decreased lower than 1 250°C. Therefore, when the mass ratio of CaO/SiO2 is in the range of high level, the flux melting temperature can be decreased markedly by using B2O3 as fluxing agent to substitute for CaF2.
At present, CaF2 is widely employed as fluxing agent in steel refining process. To improve the desulfurization and rephosphorization controlling capacities of flux, the mass ratio of CaO/SiO2 needs to be increased, that is to make flux of ultrahigh basicity. 4) However, due to the high melting temperature of ultrahigh basicity flux, the speed of flux melting is low, which causes the refining period prolonged, and then the refining efficiency is difficult to improve. If CaF2 is substituted with B2O3 as fluxing agent, the flux melting temperature could be decreased greatly. For example, when the mass ratio of CaO/SiO2 is in the range of 6.0-7.5, correspondingly, the melting temperature is in the range of 1 200-1 225°C. In conclusion, when B2O3 is adopted as fluxing agent, the CaO-based refining flux with ultrahigh basicity as well as ultralow melting temperature can be prepared, so as to realize the purpose of rapid slagforming and high efficient refining.
Effect of B2O3 Substituting for CaF2 on Flux
Viscosity The effect of 4 mass% B2O3 substituting for equal mass% CaF2 on viscosities of the high basicity flux (CaO)(60%)-(Al2O3)(20%)-MgO(8%)-SiO2(8%) systems is indicated in Fig. 5 .
It can be seen that the inflection point temperature of flux viscosity-temperature curve is lowered remarkably when B2O3 is employed to substitute for CaF2. In this work, when 4 mass% CaF2 is used as fluxing agent, the inflection point temperature of viscosity curve is about 1 360°C, whereas the inflection point temperature can be dropped to 1 280°C by using 4 mass% B2O3 to substitute for equal mass% CaF2. As a result, the temperature range, in which the flux viscosity is controlled lower than 2 Pa·s, is expanded. For example, when the flux temperature is higher than 1 285°C, the viscosity of the flux containing 4 mass% B2O3 is lower than 2 Pa·s. Whereas only the temperature is higher than 1 357°C, the viscosity of the flux containing 4 mass% CaF2 can be lower than 2 Pa·s. Furthermore, when B2O3 is used as fluxing agent to substitute for CaF2, the stability of flux viscosity varying with temperature is improved obviously. These variations of flux viscosity characteristics are favorable for refining process.
The mechanisms of B2O3 and CaF2 decreasing the viscosity of CaO-based refining flux were analyzed in detail in previous literatures. 6) When the temperature is high than 1 370°C, the viscosity of the flux containing 4 mass% CaF2 is lower than that of the flux containing 4 mass% B2O3. This indicates that when the flux temperature exceeds a certain value, the capability of B2O3 decreasing the viscosity of CaO-based refining flux is a little weaker than that of CaF2. This result is consistent with the previous investigations. 6, 12) 
Effect of B2O3 and CaF2 on Desulfurization Capacity of Flux
To compare the effect of B2O3 and CaF2 on desulfurization capacity of high basicity CaO-based refining flux, the metal specimens, whose initial sulfur contents were 0.020%, were desulfurized by the fluxes. Figure 6 shows the variations of final sulfur content, [S]final mass%, in the metal.
It is seen that the sulfur content in the metal can be further decreased by the CaO-based refining fluxes, which indicates that the fluxes have strong desulfurization capacity. Further, when B2O3 is employed as fluxing agent to substitute CaF2, the desulfurization capacity of fluxes could be improved greatly, especially when the mass ratio of CaO/ Al2O3 is higher than 2.0. If CaF2 is selected as fluxing agent, the optimal range of mass ratio of CaO/Al2O3 is 1.2-3.0, the final sulfur content of metal can be controlled lower than 0.008%. However, when 4 mass% B2O3 is employed as fluxing agent to substitute for equal mass of CaF2, the mass ratio of CaO/Al2O3 could be controlled in the range of 1.5-7.0, the final sulfur content of metal, [S]final, is lower than 0.004%. The desulfurization degree can reach in excess of 75%. In the previous study by Zhu et al., 14) the effect of B2O3 on the desulphurization ability of an CaO-based flux was studied. It was mentioned that the addition of B2O3 had little influence on the desulphurization rate. In that work, the flux basicity is only 2.5, as a result the desulphurization capacity of flux is mainly decided by the activity of CaO. Though the flux melting temperature can be decreased by the addition of B2O3, the desulphurization capacity of low basicity flux is still limited. However, in this study, the flux basicity is 5-8.75, which is high enough for desulphurization. So the flux melting temperature and viscosity have more important effects on desulphurization. When CaF2 is substituted by B2O3, the flux melting temperature can be decreased remarkably. At the same time, the temperature range, in which the flux viscosity is low, is expanded as well as the stability of flux viscosity varying with temperature is improved obviously. These variations of flux properties are favorable for refining process. As a conclusion, the desulfurization capacity of high basicity CaO-based refining flux can be improved markedly when CaF2 is substituted with equal mass of B2O3.
Conclusions
The following conclusions can be drawn:
(1) For CaO-based refining flux, the fluxing action of B2O3 is better than that of Al2O3 and CaF2. When B2O3 is employed as fluxing agent to substitute for CaF2, the content of Al2O3 can be decreased.
(2) For the high basicity CaO-based refining flux, when CaF2 is substituted by B2O3, the melting temperature can be decreased remarkably. Especially, when the mass ratios of CaO/Al2O3 and CaO/SiO2 are in range of 1.1-4.0 and 5.25-8.0, respectively, the flux melting temperature is lower than 1 300°C.
(3) For the high basicity CaO-based refining flux, when CaF2 is substituted by B2O3, the temperature range, in which the flux viscosity is low, is expanded as well as the stability of flux viscosity varying with temperature is improved obviously.
(4) When B2O3 is employed as fluxing agent of CaObased refining flux, the mass ratios of CaO/Al2O3 and CaO/ SiO2 could be controlled in high ranges, the desulfurization capacity of flux can be improved greatly. Especially, when the mass ratio of CaO/Al2O3 is in the range of 1.5-7.0, the final sulfur content of metal can be controlled lower than 0.004%.
